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Molecular-beam epitaxial growth of uniform Gao.47Ino.53 As with a rotating 
sample holder 
K. Y. Cheng, a) A. Y. Cho, and W. R. Wagner 
Bell Laboratories, Murray Hill, New Jersey 07974 
(Received 3 June 1981; accepted for publication 29 July 1981) 
Gao.47 InO.53 As and Alo.48 Ino.52 As were grown lattice matched to InP substrates with a rotating 
substrate holder. The Ga, In, and Al beams were supplied by separate effusion cells and the 
uniformity of the resulting layers was evaluated with x-ray rocking curves for different rotation 
speeds. Lateral variation of the lattice constant as small as 10-5 per cm may be achieved with a 
rotation speed of 3 rpm. The full width at half-maximum of the x-ray spectrum from the epitaxial 
layer is comparable to that of the substrate indicating that there is practically no compositional 
grading. 
PACS numbers: 81.15.Ef, 61.10.Fr. 73.60.Fw, 72.80.Ey 
In the preparation of A ~IIB \I~ x C v type ternary semi-
conductor epitaxial layers with the molecular-beam epitaxy 
(MBE) technique, the layer composition and thickness are 
determined mainly by the arrival rate of the group III ele-
ments. I Although epitaxial layers in atomic dimensions can 
be readily obtained, the uniformity of the layer over a large 
area is limited by the inherent intensity profile of the molecu-
lar beam at the substrate surface. The beam intensity profile, 
depending on the geometry of the effusion cell, may follow a 
cosine or a modified distribution function. 2 In the 
AlxGa'_xAs/GaAs system, the latice constants of AlAs 
and GaAs are almost identical and the lattice mismatch in-
duced by the compositional variation can be neglected. 
However, for most of the III-V ternary compound epitaxial 
layers grown closely lattice matched on the binary sub-
strates, such as the Gaxlnl_xAs/lnP, Alxlnl_xAs/lnP, 
and Gax In I _ x P /GaAs systems, their lattice constants are 
sensitive functions of the compositions. For MBE growth, 
lattice matched conditions in these systems with uniform 
composition can only be achieved in a narrow region on the 
wafers. The quality and the yield of devices fabricated from 
these wafers would be severely degraded. 
To overcome this problem, Miller and McFee used an 
In-Ga mixture in one effusion cell to grow 
Gax Inl _ x As/lnP heterostructures. 3 In their experiments, 
In depleted rapidly due to the required small volume ratio of 
In/Ga in the mixture and the higher vapor pressure of In 
compared with that of Ga, which resulted in non uniformity 
of composition in the growth direction. To eliminate this 
variation in composition we later used an In/Ga coaxial 
oven designed to grow uniform Gax In I _ x As epitaxial lay-
ers lattice matched to the InP substrates.4 The variation of 
the lattice constant in the lateral direction was less than 
2 X 10- 4 cm -I. However, the growth parameters for lattice 
match condition such as the effusion cell temperature and 
the growth rate, are restricted to a very narrow range for a 
given set of proper aperture ratio for the In and Ga reser-
viors. Besides being difficult to find the proper aperture ra-
tion, the growth rate can not be varied in that arrangement. 
alOn leave from Chung-Cheng Institute of Technology, Taiwan, Republic 
of China. 
Recently, a versatile arrangement was demonstrated to grow 
extremely uniform AlxGa, _xAs and GaAs epitaxial layers 
over a large substrate area with separate effusion cells and a 
rotating substrate holder design.s In this study, we applied 
this technique to the lattice constant sensitive 
Gao.47 Ino.53 As/lnP system and established the optimum ro-
tation speed of the substrate holder to achieve "zero" com-
positional variation in both lateral and film growth 
directions. 
The MBE system used in this study is similar to the one 
described previously for the growth of extremely uniform 
Alx Gal _ x As and GaAs layers. S On the source flange of the 
growth chamber, seven effusion cells are mounted with the 
orifice tilting upward between 5 and 32° above the horizontal 
plane. The orifice on each cell is 2.5 cm in diameter and is 
located 12 cm from the substrate. The substrate holder can 
accommodate a wafer with a 2-in. diameter and can rotate 
continuously at a speed of from 0.1 to 5 rpm during growth. 
A liquid-nitrogen-cooled shroud is used to enclose the entire 
growth area in order to minimize the residual water vapor 
and carbon-containing gases in the vacuum chamber. 
The (100) InP substrate was prepared according to the 
procedures described earlier.4 After a flash desorption of the 
surface oxide at - 500°C under the exposure of an As beam, 
the epitaxial growth was carried out at about 570°C. At the 
onset of growth, lattice matching between the epitaxial layer 
and the InP substrate was monitored with high-energy-eiec-
tron diffraction (HEED). The Ga and In effusion cells were 
heated to 1030 and 950°C, respectively, to give a growth rate 
of - 2.8Ilm/h. During the epitaxial growth, the As back-
ground pressure in the growth chamber was kept above 
1 X 10-7 Torr to permit growth under an as-stabilized 
condition. 
In order to examine the effectiveness of the substrate 
rotation on the layer uniformity, a series of growths with 
different rotation speeds has been performed. Upon the com-
pletion of the growth, the variation of lattice mismatch be-
tween the Gax In, _ x As epitaxial layer and the InP substrate 
in the lateral direction was measured with an x-ray single-
crystal diffractometer. With careful alignment and proper 
slit selection, the Cu-Ka I and - Ka2 doublet from the (511) 
diffraction plane was resolved for both the substrate and the 
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FIG. I X-ray diffraction rocking curves from (51 I) planeofa GaxIn, _ .,As 
epitaxial layer when grown on a stationary holder. The two traces are mea-
sured on the same wafer at two different positions with \ em apart (x:::::: 0.47). 
epitaxial layer with aLl e separation of Bragg angles. On each 
sample, at least two measurements were made at different 
locations on the wafer. The Ka I diffraction lines from the 
InP substrate recorded in each measurement were aligned at 
the same position as a reference point. With the known value 
of separation between Ka I and Ka 2 , the variation of lattice 
constant in the lateral direction of the epitaxial layer can be 
estimated from the difference in Bragg angles. 
Figure 1 shows the x-ray diffraction rocking curves at 
two spots 1 cm apart on a sample with an epitaxial layer 3 f-lm 
thick grown under stationary condition. One can see that the 
lattice may be very closely matched between the epitaxial 
layer and the substrate at one end of the wafer as shown in 
the lower trace where the lattice mismatch Llala is less than 
5.3 X 10- 4 . However, there is a large lattice mismatch of 
3.4 X 10 - 3 at the other end of the wafer as shown in the 
upper trace. The difference in lattice mismatch at these two 
locations gives a latera/lattice mismath, (Llala)lL of 
2.9 X 10 - 3 em - I. This nonuniform value is more than an 
order of magnitude higher than that achieved with an IniGa 
coaxial over design reported earlier.4 However, for the sam-
ples grown with the substrate holder rotated continuously 
this lateral non uniformity diminished drastically. With a ro-
tation speed of just 1/2 rpm, the lateral variation oflattice 
constant decreased to 1. 7 X 10- 4 cm - " which is already bet-
ter than the result obtained with a coaxial IniGa oven. At 1 
rpm, the result is almost 100 times better compared to that 
resulting without rotation. When the rotation speed in-
creased from 1 to 2 rpm the lateral lattice mismatch further 
decreased from 4 X 10-5 cm -I to less than 1 X 10-5 cm -I. 
As the rotation speed of the substrate holder increased 
to 3 and 4 rpm, the lateral lattice mismatch in the epitaxial 
layers decreased continuously and became too small to be 
resolved in our x-ray diffractometer, which has a detection 
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FIG. 2. Lateral variation oflattice constant as a function of substrate rota-
tion speed. The dashed line portion is the estimated upper limit of the lateral 
nonuniformity. 
limit of about 1 X 10- 5 em-I. In Fig. 2, the relationship be-
tween the lateral variation of lattice constant and the sub-
strate rotation speed is displayed with a smooth curve draw-
ing through all experimental points. When the substrate 
rotation is more than 2 rpm, the measured variations are 
beyond the resolution limit of the x-ray diffractometer; an 
estimated upper limit of the lateral non uniformity is indicat-
ed with a dashed line. This result shows that with the sub-
strate holder rotating at 3 rpm or faster during growth, ex-
tremely uniform ternary epitaxial layers with negligible 
<-
Z 
:::> 
al 
II:: o----i 
5 IDDsec 
>-
<-
iii 
z 
w 
<-
~ 
~ 
"i 
)( 
Cl 
W 
~ lnp 
Ga.ln,_.AS 
~
KQ, KQ2 
~ + 
If sueSTRATE 
LL 
5 
o 
DIFFERENCE IN BRAGG ANGLE, "e 
FIG. 3. X-ray rocking curve from (5\\) plane of a 1O-,um-thick 
Ga, In, xAs epitaxial layer (x::::::O.47). 
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small or "zero" lateral variation in lattice constant were 
achieved. The same results were also observed in the lattice 
matched AIo.48 1110.52 As/lnP system. 
Besides the lateral variation in lattice constant men-
tioned above, the compositional grading in the growth direc-
tion should also be minimized to ensure uniformity in epitax-
iallayers. A stable effusion cell temperature of group III 
elements is especially important in this aspect. For example, 
with a 6°C drift in the Ga effusion cell temperature during a 
3!-h growth period, the resultant 10-,um-thick Gaxlnl _ xAs 
epitaxial layer showed serious non uniformity in the growth 
direction even with a 3-rpm rotation. The compositional 
grading measured from the x-ray rocking curve was 
5 X 10- 3, which is three orders of magnitude higher than the 
lateral variation in lattice constant at that rotation speed. 
For the same structure, as the effusion cell temperatures 
were controlled to within ± OSC, theKa 1 lines in the x-ray 
rocking curve showed no apparent broadening in the full 
width at half-maximum (FWHM) compared to the value of 
the InP substrate. This result is illustrated in Fig. 3, where 
the composition of the Gax Inl _ xAs epitaxial layer is inten-
tionally kept off the lattice matched condition to reveal both 
the Ka 1 lines from the epitaxial layer and the substrate. The 
difference in FWHM of Ka 1 spectrum between the epitaxial 
layer and the InP substrate is less than 15%. The composi-
tional grading in the growth direction of this IO-,um-thick 
epitaxial layer is less than 8 X 10-5 and it corresponds to a 
compositional variation of only 0.35%. 
In summary, we have achieved the growth of extremely 
uniform ternary III-V compound epitaxial layers with a ro-
tating substrate holder and precise control of effusion cell 
temperatures. In both Gllo.47 InO.53 As and Alo.48 Ino.52 As epi-
taxiallayers, zero lateral variation in lattice constant is ob-
tained with the substrate holder rotated at or more than 3 
rpm. In a IO-,um-thick epitaxial layer, a compositional vari-
ation in the growth direction of less than 8 X 10 - 5 was 
achieved. This is the first demonstration of the use of a rotat-
ing sample holder to overcome the nonuniform beam fluxes 
at the substrate to achieve a ternary compound lattice 
matched to the substrate where the lattice constant of the 
epitaxial layer depends on its composition. 
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Spectrum-controllable color sensors using organiC dyes 
K. Kudo and T. Moriizumi 
Department of Electrical and Electronic Engineering. Tokyo Institute of Technology, Tokyo 152, Japan 
(Received 8 June 1981; accepted for publication 28 July 1981) 
An organic color sensor was fabricated by usingp- and n-type dyes. The cell has a layered 
structure of ZnO/merocyanine/rhodamine B, which acts as an n-p-n- photodiode. The spectral 
sensitivity of the cell was changed remarkably by bias voltage, and a good separation of the 
spectral responses was obtained in the visible-spectrum region. 
PACS numbers: 85.60.Pg, 72.80.Le, 42.66.Ne, 33.20.Kf 
In recent years, a great attention has been paid to the 
device application of organic materials because of the inter-
est in their photoelectric properties and the economic advan-
tages in device fabrications; e.g., a light, flexible, and large-
area device can be fabricated at low cost. The photoelectric 
properties of organic dyes are particularly attractive because 
their optical properties are widely controlled by changing 
the number of conjugated bonds or the substituent with the 
same kind of structure. 
Many kinds of organic dyes show semiconducting 
properties and can be classified as p- and n-type semiconduc-
tors. I •2 It should be suggested that the organic dyes can be 
used for a variety of devices by utilizing the photoelectric 
properties and the p- and n-type semiconducting properties. 
From this point of view, we made an attempt to realize a 
color sensor using organic dyes. 
Most of conventional color sensors consist of color fil-
ters and photodiode. 3 In contrast, the new cell to be present-
ed here has both functions of color filtering and diode prop-
erties, and shows the fascinating device operations of 
varying or tuning the spectral sensitivity. 
Organic dyes used in the experiments were merocyan-
ine (MC) and rhodamine B (RB). These dyes were chosen 
from the following points of view. Merocyanine dye family 
exhibits large photovoitaic effects. Recently, good rectifica-
tions and photovoltaic effects were reported for the follow-
609 Appl. Phys. Lett. 39(8).15 October 1981 0003-6951/81/200609--03$00.50 © 1981 American Institute of Physics 609 
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